Objective. During transcranial electrical stimulation, current passage across the scalp generates voltage across the scalp surface. The goal was to characterize these scalp voltages for the purpose of validating subject-specific finite element method (FEM) models of current flow. Approach. Using a recording electrode array, we mapped skin voltages resulting from low-intensity transcranial electrical stimulation. These voltage recordings were used to compare the predictions obtained from the high-resolution model based on the subject undergoing transcranial stimulation. Main results. Each of the four stimulation electrode configurations tested, resulted in a distinct distribution of scalp voltages; these spatial maps were linear with applied current amplitude (0.1 to 1 mA) over low frequencies (1 to 10 Hz). The FEM model accurately predicted the distinct voltage distributions and correlated the induced scalp voltages with current flow through cortex. Significance. Our results provide the first direct model validation for these subject-specific modeling approaches. In addition, the monitoring of scalp voltages may be used to verify electrode placement to increase transcranial electrical stimulation safety and reproducibility.
Introduction
Low-intensity transcranial electrical stimulation (TES) encompasses a range of clinical and experimental protocols which apply current through scalp electrodes for the purpose of modulating brain function (Calancie et al 1998 , Fregni et al 2005 , Lisanby 2007 , Nitsche and Paulus 2000 , Rothwell et al 1994 , Schroeder and Barr 2001 , including transcranial direct current stimulation (tDCS), transcranial pulsed current stimulation (Datta et al 2012a) , transcranial alternating current stimulation (tACS) and cranial electrotherapy stimulation. In 1 These authors contributed equally to this work. 2 Author to whom any correspondence should be addressed.
all cases, applied current first distributes throughout the scalp, and then passes across the skull and cerebro-spinal fluid (CSF), before eventually entering the brain (Datta et al 2009) . The goal of this study was to characterize scalp voltages generated during low-intensity TES for the purpose of validating models of current flow, as well as to evaluate how these voltages can be used to understand and refine TES protocols.
For rational and safe therapy, it is paramount to understand the current distribution in the brain during TES. Analytical models using spheres predict brain current flow and have been experimentally validated using a half-skull tank model (Rush and Driscoll 1968) . Over the years, analytical approaches have continued to be used (Ferdjallah et al 1996 , Saypol et al 1991 , Stecker 2005 . More recently, sphericalbased models (Datta et al 2008 , Miranda et al 2006 using finite element methods (FEM) and increasingly detailed gyrisulci precise magnetic resonance imaging (MRI)-derived high resolution models have been developed (Datta et al 2009 , Salvador et al 2010 . However, analytical/spherical-based approaches, animal models, resected skulls, and synthetic phantoms are of limited use because of the critical importance of anatomy and material properties. In 1975, a study measured current flow intra-cortically due to dc stimulation in patients undergoing presurgical evaluation for epilepsy (Dymond et al 1975) . This study remains the only one with direct measurement in humans to-date. We have recently used patient-specific models to retrospectively analyze the success of a given electrode montage (Datta et al 2011) and compared model predictions with patterns of activation revealed by functional MRI (fMRI) signal (Halko et al 2011 , Antal et al 2012 . As MRI-derived FEM models may be used to characterize clinical electrotherapies (Bikson et al 2010 , Dasilva et al 2012 , Im et al 2012 , Mendonca et al 2011 , Parazzini et al 2011 , Sadleir et al 2010 as well as design new electrode montages (Borckardt et al 2012) , it is important to experimentally validate the accuracy of these FEM models. Toward this end, though it is not evidently safe to record clinically with invasive intra-cortical electrodes, it is practical to record surface potentials on the scalp that are generated during transcranial stimulation.
We propose that during TES, electrode configuration and anatomy determine current distribution through the scalp, which is reflected in scalp voltage maps, and which ultimately determine the distribution of the underlying brain current flow. Here we mapped scalp voltages and validated the accuracy of a subject-specific FEM model of TES. To precisely control the applied electrical stimulation, we used specialized high-definition (HD) stimulation electrodes (Minhas et al 2010) , rather than large 'sponge' electrodes. We first explored linearity of induced scalp voltages over a very low intensity (0.1-1 mA) and frequency range (1 to 10 Hz) using one montage. We then tested four illustrative montages (including the one used for linearity) and show that each of these montages result in distinct scalp surface voltages and spatial profiles that are predicted by our high-resolution FEM simulations, thus providing needed validation for these broadly used models . Finally, the spatial linear summation of two independent sources was compared to a multiple source. Moreover, we illustrate how these induced surface potentials provide insight into the distribution of brain current flow, and can thus be used in the design of effective and specific transcranial stimulation electrode montages. Lastly, we discuss how online voltage measurement can be used to increase the safety profile of TES.
Methods
Imaging and computational methods MRI acquisition and segmentation. MRI of brain was performed on a 34 year old male with no neurological pathologies using a 3T Philips Achieva scanner (Philips Medical Systems, Best, Netherlands). Three-dimensional spoiled gradient image (SPGR) was acquired with TE/TR = 3 ms/6.6 ms, flip angle = 8, acquisition matrix = 256 × 256 × 190, and voxel size = 1 × 1 × 1 mm.
Automatic segmentation was performed by FSL's Brain Extraction Tool (Smith 2002) and FSL's Automated Segmentation Toolbox (Zhang et al 2001) . The head was segmented into five compartments: scalp, skull, CSF, gray and white matter. Using a combination of segmentation and manual editing tools (Simpleware Ltd, Exeter, UK), errors in the automated masks were corrected and the data was further segmented into tissue types representing the eye, muscle, and air (Soterix Medical, NY).
Following the 10-10 international system (conventionally used in EEG), 64 electrodes and gel were automatically positioned on the segmented scalp surface using an inhouse custom MATLAB script (Dmochowski et al 2011) . All simulated electrodes were ∼2 mm thick with a diameter of ∼11 mm separated from the scalp by a 1-2 mm thick layer of gel (figure 1).
Stimulating electrode configurations. Two or six electrodes were energized as stimulating electrodes according to one of following four electrode configurations tested (see below); the remaining electrodes were not activated.
(1) 'Proximal-bipole': stimulation with two adjacent EEG locations-C2 and Cz. FEM analysis. The tissue and the electrode/gel masks were adaptively meshed (Simpleware) and exported into COMSOL Multiphysics (Comsol 3.5a, Burlington, MA) for computation of current flow in the head. The classical Laplace equation for volume conduction was solved with a linear iterative system solver of conjugate gradients (relative tolerance = 1 × 10 −6 ).
The following isotropic direct current electrical conductivities in (S m -1 ) were assigned: scalp (0.465); skull (0.01); CSF (1.65); gray matter (0.276); white matter (0.126); eye (0.4); muscle (0.334); air (1 × 10 -15 ); electrode (5.8 × 10 7 ); gel (0.3) (Datta et al 2011 , Wagner et al 2007 . The model comprised >10 million elements with >15 million degrees of freedom.
For the bipolar configurations, current density corresponding to 1 mA total current was applied at the anode electrode. For the 4 × 1-ring configuration, each of the anode electrode(s) injected 0.25 mA current resulting in 1 mA total injected anodal current. For the ring + bipole configuration, 1 mA was applied at the AF4 anode electrode and 0.25 mA each was applied at C3, C4, Fz, Pz. Ground boundary condition was applied at Cz and all other external surfaces were treated as insulated.
Scalp voltage (V), skull current density (A m -2 ), and cortical electric field (V m -1 ) maps for the different electrode montages were determined (figures 3 and 5). EEG analyses typically use 2D circular views (topoplot function) providing the ability to visualize all 64 channel locations at once. To enable direct comparison between the experimental and the modeling approaches, induced scalp potentials on each of the 64 electrodes (barring stimulation electrodes) predicted from the FEM models were also displayed via the topoplot function (EEGLAB) (Delorme and Makeig 2004) .
Experimental methods
All experiments were approved by The City College of New York Institutional Review Board. Experiments were performed on the aforementioned 34 year old male subject (also used for individualized brain modeling). The subject was fitted with a conventional EEG cap (BioSemi B.V., Amsterdam, Netherlands) with 64 electrode positions following the 10-10 international system; 2 or 6 positions were fitted with HD stimulation electrodes according to the four electrode configurations modeled (as above), and the remaining positions were used for recording. Figure 2 . Linearity of scalp voltages induced during transcranial electrical stimulation. The peak induced scalp potential as determined experimentally is plotted as a function of stimulation amplitude and frequency using the proximal bipole montage. The induced scalp potentials are a linear function of stimulation amplitude over the range tested. The spatial map profile was also independent of frequency. The stimulating electrodes on the maps are indicated by closed circles.
Transcranial electrical stimulation. Low-intensity TES was applied using either an analogue isolated current source (Model 2200, A-M Systems, WA) driven by a function generator (Model AFG 320, Tektronix, OR) or stand-alone Soterix 1 × 1 and 4 × 1 stimulators (Soterix Medical, NY). Current was delivered using Ag/AgCl pellet electrodes (A-M Systems, WA) and CCNY-4 gel combination (Minhas et al 2010) , where the stimulating electrodes replaced recording electrodes in the head-gear according to the stimulation configuration. The Ag/AgCl pellet stimulation electrodes were specifically chosen so as to match the form-factor of the recording Ag/AgCl electrodes. The electrodes were encased in pin-type electrode holders and mounted into the BioSemi headcaps. The holders were fitted with insets from underneath the cap to ensure a gel contact area corresponding to ∼11 mm diameter.
In the first experiment, linearity of scalp voltages with stimulation intensity and frequency was explored using the proximal-bipole montage. 0.1, 0.2, 0.4, and 1 mA current intensity (peak) was used and the resulting scalp voltages measured (see below); for each intensity, monophasic square wave (1 Hz) and monophasic (offset) sine wave (1 or 10 Hz) was used. To minimize skin sensation and avoid irritation while maximizing scalp potential signal-to-noise ratio (S/N), 0.4 mA peak current was used for subsequent experiments. In the second experiment, induced scalp voltage maps were determined for each of the three stimulating electrode configurations. In experiment 3, the spatial linearity of multiple sources was tested by comparing the measured scalp potentials due to the ring + bipole configuration to the 4 × 1 concentric-ring and the distant-bipole configurations independently respectively. A monophasic square wave (1 Hz) or monophasic (offset) sine wave (1 or 10 Hz) waveform was typically used for all mapping measurements in experiments 2 and 3. But, as we validated the linearity of induced scalp potentials with current amplitude (figure 2), all results are normalized to per-mA-of-current. Stimulation was applied in repeated exposures of 30 s total duration.
Surface voltage measurements. We used two approaches to measure induced scalp potentials; the two technologies yielded identical results. In one case, scalp potentials were measured sequentially between pairs of electrodes (maintaining a single arbitrary reference) using a custom-made instrumentation amplifier and band-pass filter, with potentials recorded on an oscilloscope. In the second case, scalp potentials were simultaneously measured from all scalp electrodes using the BioSemi EEG (Active Two system, Amsterdam, Netherlands) using packaged acquisition and software analysis. In both cases, scalp potentials were measured using electrodes at multiple locations on the scalp following the 10-10 systemomitting the locations occupied by the stimulating electrodes (though the potential applied to the stimulating electrodes could be measured as the output of the current source, we suspected that because of the electrode interface voltage, this potential did not reflect the voltage at the scalp under the stimulation electrodes). The scalp potential distributions are displayed using EEGLAB's topoplot function (see boxed images in figures 3 and 5) and were plotted relative to the approximate middle of the induced voltage range (average of the minimum and maximum values) thereby producing a symmetric distribution in each plot. For proximal-bipole, voltages were plotted with respect to Iz, which was also the most far-removed location from the stimulation electrodes. For the distant-bipole configuration, location FC2 (approximately mid-way of the distance between stimulation electrodes-AF4 and Cz) was used. For the 4 × 1 concentric-ring, scalp voltages were plotted with respect to the average of the induced voltages at locations FC1, FC2, CP1, and CP2. Location FC2 was used for the ring+ bipole. The spatial profile of skin voltage maps are then compared to the individualized modeling results (based on the person subject to transcranial stimulation) to explore the validity of predictions. Further, the % error difference between the measured and FEM predicted values are reported for each of the configurations tested in experiment 2 ( figure 4) . It should be noted that the potential maps represented in the figures 3 and 5 depict the voltage distribution when polarity of the ac current is negative at Cz.
Results
The main objective of this study was to characterize scalp potentials induced during TES. In the process we validated the accuracy of a high-resolution individualized FEM forward model of transcranial stimulation by comparing predicted and measured induced scalp voltages. We evaluated four electrode montages to further consider implications for clinical electrode configuration design. As part of this analysis, we explored the temporal and spatial linearity of scalp voltages for low current intensity and frequency.
Linearity of scalp voltages with stimulation current amplitude and waveform
For relatively low frequency and amplitude, we show that scalp voltage amplitude, and by implication tissue current flow, is a linear function of stimulation amplitude. Specifically, the measured peak scalp voltage increases linearly with the applied current (0.1 to 1 mA) between two scalp stimulating electrodes (C2 and Cz); moreover in a frequency independent manner across low-frequencies (square 1 Hz and sine 1 to 10 Hz; figure 2) . Similarly, the profile of spatial maps is unchanged across low frequencies. This linearity allows us to normalize spatial maps to per-mA of applied current as well as supports generalizing our results to any stimulation intensity and waveform (e.g. ac) within the linear range.
Spatial maps of scalp voltages during transcranial electrical stimulation and predicted underlying current distribution
We measured the scalp voltages induced during TES using four electrode montages. Results from the experimental measurements were compared to predictions of a highresolution FEM model-which was individualized to the same subject. Each electrode montage resulted in a distinct surface potential map that was precisely predicted by the subjectspecific FEM model (figures 3 and 5). For the proximal-bipole stimulation montage, 1 mA injected current led to 34.7 mV peak measured scalp potential. While the FEM simulation predicted a peak value of 31.1 mV with an error rate of 10.3%. The % error across the recording 10-10 electrodes varied from 4.4% to 13.8% ( figure 4) . The distant-bipole montage resulted in 92.2 mV peak measured and 77.9 mV peak FEM predicted scalp potential (15.5% error) while the % error varied from 6.9% to 23.8%. The 4 × 1 montage led to 17.2 mV peak measured and 15.1 mV peak model predicted scalp voltage. The % error varied from 5% to 19.6% with an error of 12.2% in the peak values. A higher error % for the distant-bipole than proximal-bipole and the 4 × 1 (both across the overall 10-10 recording array and the peak induced values) is expected as current traverses through a longer intermediate path between the stimulation electrodes. For each electrode montage, the FEM model also predicts the resulting current flow in deeper tissue including the skull current density and the cortical electric fields ( figure 3) .
Spatial linearity of scalp voltages: multiple stimulation sources
It is expected that when multiple current stimulators are used, the resulting brain electric fields reflect the independent contribution from each source. We verified this assumption at the level of the scalp (figure 5). Specifically we show that stimulating with a six electrode configuration that combines the 4 × 1 configuration and the distant bipolar configuration (with Cz location shared) results in scalp voltages equal to the sum of scalp voltages generated independently by the 4 × 1 and distant-bipolar configurations. The combined sixelectrode experimental spatial map is also matched by FEM predictions. The peak measured and predicted scalp potentials are 102.6 and 85.8 mV respectively (16.4 error %). In the discussion we expand on the implications of temporal and spatial linearity for clinical dosage.
Discussion

Linearity in low intensity and frequency transcranial electrical stimulation
For relatively low-intensity and frequency, linearity in TES indicates that: (1) as the applied current intensity increases, the electric field in all regions scales directly with the current amplitude; (2) the induced electric field tracks the waveform of the applied current, independent over the low frequency range tested; as used, for example, in tACS (Antal et al 2008 , Kanai et al 2008 Fp1  AF7  AF3  F1  F3  F5  F7  FT7  FC5  FC3  FC1  C1  C3  C5  T7  TP7  CP5  CP3  CP1  P1  P3  P5  P7  PO7  PO3  O1 4  O2  FPZ  FP2  AF8  AF4  AFZ  FZ  F2  F4  F6  F8  FT8  FC6  FC4  FC2   Fp1  POZ  AF7  AF3  F1  F3  F5  F7  FT7  FC5  FC3  FC1  C1  C3  C5  T7  TP7  CP5  CP3  CP1  P1  P3  P5  P7  PO7  PO3  O1  OZ  PZ  CPZ   Fp1  POZ  AF7  AF3  F1  F3  F5  F7  FT7  FC5  FC3  FC1  C1  C3  C5  T7  TP7  CP5  CP3  CP1  P1  P3  P5  P7  PO7  PO3  O1  OZ  PZ  CPZ   % Error   0   4   8   12   16   20   FCZ  CZ  C2  C4  C6  T8  TP8  CP6  CP4  CP2  P2  P4  P6  P8  PO8  PO   4  O2  FPZ  FP2  AF8  AF4  AFZ  FZ  F2  F4  F6  F8  FT8  FC6 FC4 FC2 Figure 4 . Percentage error between the surface voltage measurements and the FEM model predictions for each of the 10-10 recording array electrodes barring the stimulation and the reference electrodes (see Methods). The error bar at the peak induced location is highlighted in a darker shade for each of the montages.
2008). Moreover, we recently developed an algorithm for optimization of TES leveraging this linearity (Dmochowski et al 2011) . Here we support this assumption over the intensity and frequency ranges tested.
Scalp and deeper tissue current flow during transcranial electrical stimulation
For all montages, including distant-bipolar, there is current distribution across the entire scalp region between and around electrodes (reflected in a broad scalp voltage distribution).
The current density at the skull is however highly localized directly under the stimulation electrodes. Taken together, these two observations imply that though significant current is shunted tangentially across the scalp, the currents that crosses radially through the skull are restricted to under the stimulation electrodes (i.e. essentially current that is shunted across the scalp has little driving force to cross the skull). Despite focal current entry across the skull, however, the resulting electric fields across the gray matter are still distributed across the cortical entire region between electrodes. This is indeed expected as current entering from one electrode must evidently pass through the entire intermediate brain on the way out of the other electrode(s) and the presence of a highly conductive layer of CSF further promotes this broad distribution. We recently proposed that the dogma suggesting skull is a 'low-pass spatial filter' during transcranial electrical flow, diffusing current and severely limiting stimulation focality, was misguided (Datta et al 2009) . Rather as shown here, the high resistivity of the skull leads to predominantly radial (specifically undiffused) current flow. The results of this study provide some experimental support (model validation) and additional insight into this proposed paradigm. Indeed, the highly focalized current flow through the skull is striking given the broad diffusivity in both the superficial skin and underlying gray matter ( figure 3) . The degree and extent of current spread has direct implications for the design of electrode montages for effective TES. Using bipolar montages, our model predicts the passage of current through intermediary cortical regions limits the focality of stimulation; use of smaller electrodes does not prevent this (figure 3(b) . As expected, the use of more proximal electrodes increases focality (figure 3(a) at the cost of increase scalp shunting (Faria et al 2011) , which needs to be compensated by increased applied current. The 4 × 1-ring configuration restricts peak current flow to within the 'ring' (figure 3(c)-thus the controllable size of the ring determines the extent of diffusion (Datta et al 2008) .
Monitoring of scalp voltage during clinical stimulation and relation to safety and electrical impedance tomography
Because scalp voltage reflects the stimulation configuration (electrode montage, current intensity) they provide corroboration that a given clinical dose is being applied correctly. A fault in the stimulation device, a sudden problem with an electrode, or misplaced electrodes, will result in a deviation from an expected scalp voltage map (which is not necessarily evident in electrode resistance or stimulator output voltage); we suggest online monitoring of surface (scalp) voltage (OMSV) may be incorporated as a safety feature in a stimulation device. OMSV can be enhanced by, but does not necessarily require, individualized models. Further translational refinements of OMSV include consideration of template versus subject-specific analysis (Datta et al 2012b) and identifying (montage-specific) scalp locations more sensitive to dose changes.
Brain electrical impedance tomography (EIT) involves application of weak transcranial electrical and measurement of resulting scalp voltage changes for the purpose of imaging brain impedance or brain activity (Abascal et al 2008 , Gilad and Holder 2009 , Oh et al 2011 , Tidswell et al 2001 . For EIT typically no a priori individualized information is used (e.g. MRI scans) and indeed the rationale for EIT is predicated on accurately determining (resolving) individual anatomical or functional differences. Other EIT approaches use anatomical data obtained from independent imaging (e.g. MRI). In contrast to EIT, OMSV returns only a binary decision of 'correct' or 'incorrect' stimulation electrode configuration (placements and faults). OMSV can still leverage the sophistication of analysis tools developed for EIT, especially in the absence of MRI based subject-specific modeling. Recent work in EIT includes: (1) All of these advances made for EIT need to be further explored in the realm of transcranial stimulation approaches. While the goal of TES models remains geared towards optimizing and understanding clinical dose, the technical similarity of the two approaches allow incorporation of developments made in one field into the other. The advances made in patient-specific gyri-sulci precise transcranial modeling could thus be potentially leveraged for EIT as well (Datta et al 2011 , 2012b , Halko et al 2011 .
Accuracy of FEM models of transcranial electrical stimulation
Indeed, significant engineering effort has recently been directed toward increasing the sophistication of FEM simulation tools (Wagner et al 2007 , Sadleir et al 2010 , Salvador et al 2010 , Parazzini et al 2011 , Datta et al 2011 , Dasilva et al 2012 , Im et al 2012 . FEM forward models of transcranial stimulation are the primary basis for considering how the choice of electrode montage effects resulting current flow through the brain, and hence the targeting of neuromodulation. Yet there remains a dearth of experimental validation of these models-and increased model sophistication and precision does not equate with accuracy . In this paper we validated the accuracy of a high-resolution subject-specific FEM model by measuring scalp voltages. As discussed above, a predictive forward model may indicate changes as to how electrode montage is currently considered in clinical practice, as well as methodologies to optimize targeting.
Our measurements of induced scalp voltages support the accuracy of the high-resolution individualized FEM model used in this study, but does not directly validate the model prediction of brain current flow. Still, the consistency of modeling predictions with experimental data supports model validity and these scalp voltage measurements can be used to falsify inaccurate models. More generally, our approach provides the first direct basis for comparing the accuracy of the broad range of modeling approaches under development (Datta et al 2011 , Halko et al 2011 , Parazzini et al 2011 , Suh et al 2010 , Windhoff et al 2011 . Specifically, measured scalp voltage values can be compared to predicted potential values. The basis of the mismatch reported in this study can be further explored in future studies by selecting among alternative models (e.g. manual correction, DTI calibration approaches) and adjusting model parameters (tissue conductivities). Furthermore, future work should explore multiple subjects by comparing predicted and measured scalp potentials to address both the value of individualized modeling and subject-tosubject variability (Datta et al 2012b) .
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